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Abstract. The neural cadherin (N-cadherin) is a Ca 2+- 
dependent cell-cell adhesion molecule detected in neu- 
ral tissues as well as in non-neural tissues. We report 
here the nucleotide sequence of the chicken N-cad- 
herin cDNA and the deduced amino acid sequence. 
The sequence data suggest that N-cadherin has one 
transmembrane domain which divides the molecule 
into an extracellular and a cytoplasmic domain; the ex- 
tracellular domain contains internal repeats of charac- 
teristic sequences. When the N-cadherin cDNA con- 
nected with virus promoters was transfected into L 

cells which have no endogenous N-cadherin, the trans- 
formants acquired the N-cadherin-mediated aggregat- 
ing property, indicating that the cloned cDNA con- 
tained all information necessary for the cell-cell 
binding action of this molecule. We then compared the 
primary structure of N-cadherin with that of other 
molecules defined as cadherin subclasses. The results 
showed that these molecules contain common amino 
acid sequences throughout their entire length, which 
confirms our hypothesis that cadherins make a gene 
family. 

T 
HE Ca'-+-dependent cell-cell adhesion molecule de- 
tected in neural tissues has been defined as N-cad- 
herin ~ (6, 7). This molecule appears to play a key 

role in constructing early embryonic neural tissues, since an- 
tibodies against N-cadherin tend to dissociate them (7). 

N-cadherin is expressed not only in neural tissues but also 
in many nonneural tissues (6, 7, 8). In the development of 
embryos, the expression of N-cadherin begins in the meso- 
derm upon gastrulation, and subsequently occurs in the neu- 
ral tube. Thereafter, the pattern of N-cadherin expression 
dynamically changes during development and its appearance 
or disappearance is strongly correlated with morphogenetic 
events such as segregation or association of cells. It was also 
observed that changes in the localization of N-cadherin on 
individual ceils are associated with the rearrangement of 
cells from the mesenchyme to the epithelium or vice versa 
(4, 8). 

We previously identified two other immunologically dis- 
tinct Ca2+-dependent cell-cell adhesion molecules, the epi- 
thelial cadherin (E-cadherin) (24) and the placental cadherin 
(P-cadherin) (16), each showing a unique tissue distribution 
pattern. Expression of these molecules is also closely as- 
sociated with morphogenetic events in development. From 
these observations, we suggested that differential expression 
of the three cadherins plays an important role in the organiza- 
tion of the animal body (20). 

1. Abbreviations used in this paper: E-cadherin, epithelial cadherin; L-CAM, 
liver cell adhesion molecule; N-cadherin, neural cadherin; P-cadherin, 
placental cadherin. 

N-, E-, and P-cadherin are similar in their Ca2+-sensitiv - 
ity as well as in molecular mass, but they distinguish them- 
selves in their immunological and cell-cell binding specifici- 
ties (see 20 for review). Our recent studies suggested that 
E- and P-cadherin are genetically related to each other, since 
they show 58% identity in their amino acid sequences (17). 
We also found that N- and E-cadherin share common amino 
acid sequences at their NH2 termini, as revealed by the di- 
rect amino acid sequencing of purified peptides (19). All 
these data suggest that cadherins constitute a gene family. 

In the present investigation, we cloned cDNA encoding 
N-cadherin from chicken neural tissues, and determined its 
nucleotide sequence. Comparison of the deduced amino acid 
sequence of N-cadherin with that of other cadherins con- 
firmed our hypothesis that all these molecules have a com- 
mon ancestor. We also succeeded in transfecting a mouse cell 
line not expressing this molecule with the N-cadherin cDNA. 
The transformed cells acquired N-cadherin-mediated cell- 
cell adhesion properties, providing the first positive evidence 
that N-cadherin is a cell-cell adhesion molecule. 

Materials and Methods 

Rabbit Antiserum against N-Cadherin 
87-kD tryptic fragments of N-cadherin were purified from newly hatched 
chicken brains as previously described (19). 10-20 p.g of these molecules 
emulsified with Freund's complete adjuvant were injected subcutaneously 
into a rabbit. The rabbit was boosted three times at 10-d intervals with 10-20 
~tg fragments emulsified with incomplete Freund's adjuvant. After the last 
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boost, antiserum was collected. Western blot analysis showed that the an- 
tiserum specifically reacts with N-cadberin peptides. 

cDNA Libraries 
A randomly primed ~,gtll cDNA library was prepared from poly(A)+RNA 
isolated from brain and retina of 7.5-d-old chicken embryos by the standard 
method (10). An oligo(dT)-primed kgtll library was prepared from poly(A) + 
RNA obtained from brain and retina of 6.5-d-old chicken embryos. 

The randomly primed 3,gtll library was screened with the rabbit antise- 
rum against N-cadherin. Approximately l& recombinants were screened. 
Using one positive clone, ~.N1, obtained in the first screening, more clones, 
~,N2, 3.N3, and ~.N4, were isolated from these libraries. 

Northern and Southern Blot Analysis 
For Northern blot analysis, total RNA isolated from tissues by the guanidine 
method (14) was resolved in a i% agarose/fornlaldehyde (2 lag RNA/lane), 
transferred to a nitrocellulose filter, and hybridized at 42~ in the buffer 
containing 50% formamide with 32P-labeled LNI insert. 

For Southern hybridization, DNA was isolated from a whole ll-d-old 
chicken embryo, digested with Eco RI, Sac I, or Pst I, and resolved in a 
0.7% agarose gel (10 lag DNA/lane). DNA was then transferred to a nitrocel- 
lulose filter and hybridized under the same conditions as for the Northern 
blot analysis. 

Sequence A nalysis 

After subcloning of the DNA restriction fragments into pUC19 or pUCI8 
cloning sites, nucleic acid sequences were determined by the dideoxynu- 
cleotide chain termination method of Sanger et al. (18) using 7-deazaguanine 
instead of guanine. In most cases, overlapping sequence data were obtained 
for both strands. 

Plasmid Construction 
pST-Ncad was constructed from pSTneo (12), replacing the neoresistant 
gene with the ~,N2 insert, as follows: DNA of kN2 was partially digested 
with Eco RI, and the full length insert which has Eco RI linkers at both 
sides was isolated. This insert was recloned into the Eco RI site of SK poly- 
linker of the Blue script MI3+ (Stratagene Cloning Systems, San Diego, 
CA) in an inverted orientation. The insert was reisolated by double digestion 
with Eco RV and Sma 1. pSTneo was double digested with Bgl II and Sma 
I, and the vector containing promoters of SV40 and HSV thymidine kinase 
was isolated. The vector was blunt ended, and was ligated with the ~,N2 
insert. 

Transfection of Cells 
L cells were grown in a l:l mixture of Dulbecco's modified Eagle's minimal 
essential medium and Ham's Fl2 supplemented with t0% FCS (DH10) in 
Petri dishes (No. 3001; Falcon Plastics, CockeysviUe, MD). l tag of pST- 
Ncad and 0.1 lag of pSTneo were coprecipitated by the calcium phosphate 
method (23), and added to L-cell cultures. About one day after transfection, 
cells were transferred into larger dishes (No. 3003; Falcon Plastics) and cul- 

tured in DH10 containing 0.4 mg/ml G418. After '~1 wk, colonies were iso- 
late, d, and tested for immunoreactivity to the monoclonal antibody NCD-2 
(6), and then positive cells were recloned. 

Cell Aggregation 
Cadherin-mediated cell aggregation was assayed as described (22). Briefly, 
cells were treated with 0.01% crystallized trypsin in the presence of 1 mM 
CaCI2 at 37~ for 20 min, and then washed with a Ca2+-free saline to ob- 
tain single cell suspensions. Cells suspended with or without 1 mM CaC12 
were placed in each well of a plate (No. 3047; Falcon Plastics; 105 cells/ 
0.5 ml medium/well) and incubated to allow aggregation for 20 min at 37~ 
on a gyratory shaker rotated at 80 rpm. To test the effect of the NCD-2 anti- 
body, 60 lag/ml of antibody were added to the medium. The extent of aggre- 
gation was represented by an index N2o/No, where N2o is the number of cell 
clusters at an incubation time of 20 min, and No is the number of total 
ceils. 

Results 

Molecular Cloning and Characterization of Chicken 
N-Cadherin cDNA 

The ~,gt11 expression cDNA library was screened with the 
rabbit antiserum against N-cadherin. One positive clone des- 
ignated as ~,N1 was isolated from about 10 6 independent 
clones. Fusion proteins derived from the LN1 reacted with 
the NCD-2 monoclonal antibody which specifically recog- 
nizes N-cadherin (6). Nucleotide sequencing showed that 
~N1 contains a sequence corresponding to the NH2-termi- 
nal amino acid sequence of a tryptic fragment of the mature 
N-cadherin, which was determined using the gas-phase 
amino acid sequencer (19). Northern hybridization analysis 
showed that the tissue distribution of RNA hybridized with 
the ~,N1 is identical to that of the N-cadherin protein; the hy- 
bridized band was detected in brain and heart, but not in liver 
(Fig. 2 a). From these observations, we concluded that ~,N1 
encodes N-cadherin. 

Using LN1 as a probe, we screened the above library and 
also another ~,gtll cDNA library made with the oligo(dT) 
primer to cover the entire of the mRNA. Overlapping clones 
that were isolated are shown in Fig. 1. 

Northern blot analysis of RNA derived from chicken em- 
bryonic brain and heart, using the ~,N1 probe, gave a single 
band ~4.3 kb (Fig. 2 a). The total length of overlapping 
cDNA clones obtained is 3,221 bases, suggesting that they 
do not cover the entire length of the mRNA. However, ac- 
cording to the observations described below, the cloned 
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Figure 1. Restriction map o f  chicken N-cadher in  cDNA.  The solid box indicates the open reading frame. The posi t ion of  the putative NH2 
terminus o f  the mature protein is shown by an asterisk. E,  Eco RI; B, Bam HI; H, Hind III; K, Kpn I; P, Pst  I; S, Sac I. 
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Figure 2. Northern and Southern analysis using LNI as a probe. (a) 
Total RNA extracted from brain (lane 1 ), heart (lane 2), and liver 
(lane 3) of 13-d-old chicken embryos by the guanidine method was 
resolved in a 1% agarose/formaldehyde gel (2 gg RNA/lane). Posi- 
tions of 28S and 18S ribosomal RNA are shown. (b) DNA isolated 
from a ll-d chicken embryo was digested with Eco RI (lane 1 ), Sac 
I (lane 2), and Pst I (lane 3), and resolved in a 0.7% agarose gel 
(10 I.tg DNA/lane). Reference markers are shown in kilobases. 

cDNAs probably contain all information necessary for the 
function of N-cadherin. 

In Southern blot analysis using XN1, the DNA digests with 
Eco RI and Sac I each gave a single band, and those with 
Pst I gave one major and one minor band, suggesting that the 
N-cadherin gene in the chicken genome is present in one or 
at most a few copies (Fig. 2 b). 

Nucleotide and Deduced Amino Acid Sequences 
of N-Cadherin 

The entire nucleotide sequence of overlapping cDNA clones 
and the putative amino acid sequence are shown in Fig. 3. 
The first ATG found at position 35 is a candidate for the initi- 
ation codon, since it is followed by a sequence encoding a 
stretch of hydrophobic amino acids that may function as a 
signal peptide. It may be possible that the initiation codon 
is localized further upstream, since no stop codon is found 
in the region preceding this ATG within the sequence pres- 
ently determined. Transfection experiments described be- 
low, however, showed that the cDNAs obtained here contain 

all information necessary for the expression of N-cadherin 
on the cell membrane. 

The putative initiation codon is followed by an open read- 
ing frame of 2,736 bases and then by a TGA termination 
codon at position 2,771. This open reading frame encodes a 
polypeptide of 912 amino acids. The coding region is fol- 
lowed by 409 bases of 3'-untranslated sequence, which ends 
with a poly(A) addition sequence (ATTAAA) followed 18 
bases later by a poly(A) stretch. 

The NH2-terminal amino acid sequence of a tryptic frag- 
ment of N-cadherin (19) was found at position 165-173. Since 
the same sequence was also found at the NH2 terminus of 
the mature form of liver cell adhesion molecule (L-CAM) 
(3), we tentatively assume that this site corresponds to the 
NH2-terminus of the mature N-cadherin. Under this as- 
sumption, N-cadherin is composed of 748 amino acids. Mo- 
lecular mass calculated from this sequence is 81,800 D, 
which is much smaller than that determined by SDS-PAGE 
(6); this kind of discrepancy in the estimation of molecular 
mass was also found in other cadherins (5, 15, 17). 

Hydrophobicity analysis according to the method of Kite 
and Doolittle (13) revealed that there is one hydrophobic 
stretch consisting of 32 uncharged amino acids starting at po- 
sition 721, which shows characteristics of the transmembrane 
sequence, suggesting that N-cadherin is a transmembrane 
protein. The NH2-terminal side of N-cadherin probably 
correponds to the extracellular domain, since the NCD-2 
monoclonal antibody that is known to recognize an extracel- 
lular region of this protein reacted with the fusion protein de- 
rived from the XN1 cDNA probe covering the NH2-terminal 
sequence. 

The computer analysis using the IDEAS program (11) sug- 
gested that there is an internal repeat in the putative extracel- 
lular domain; the region from positions 198-304 showed 
34 % similarity to that from positions 309 to 418 (see Figs. 
4 and 7). We also found that this domain contains internal 
repeats of many short sequences as shown in Fig. 4. It should 
be noted that negatively charged amino acids are highly con- 
served in the repeated sequences. 

Potential N-linked glycosylation consensus sequences (N- 
X-T/S) were found at eight positions in the extracellular do- 
main (Fig. 3). We found no significant sequence identity be- 
tween N-cadherin and other proteins in the computer search 
using the NBRF database. 

Transfection of N-Cadherin cDNA into Mouse L Cells 

To learn whether the cloned N-cadherin cDNA encodes 
functional molecules, we introduced the N-cadherin cDNA 
that was connected with virus promoters (pST-Ncad) (Fig. 
5 a) into mouse L cells, together with the plasmid containing 
a neoresistant gene (pSTneo). L cells do not express cadhe- 
rins that react with antibodies to the chicken N-cadherin. 

Out of several cotransformants of pST-Ncad and pSTneo, 
we selected two clones, designated NL1 and NL2. Immuno- 
blot analysis showed that these two clones express a 132-kD 
peptide recognized by antibodies to N-cadherin, whose size 
is identical to that of N-cadherin expressed in the heart of 
newly hatched chickens (Fig. 5 b). Some smaller peptides 
were also detected, which are possibly products of degrada- 
tion or misprocessing. 
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t N 2  
GGGGGCCGCCCCGCCGCCGCC CCTCC~CGCCTCCATGTGCCGGATAGCGGG~`CG~CGCCGCGGATCC~GCCGCCGC'1~3GCGCTGATG~C~GGCGGCCC r ATA 

M C R I A G T P P R I L P P L A L M L L A A L Q Q A P I 
IIIIIIH I 

119 AAAGCAAcTTGTGAAGACATGTTGTGCAAGATGGGATTTCCTGAAGATGTGCACAGTGCAGTCGTGTCGAGGAGTGTACATGGAGGACAACCTCTGCTCAATGTGAGGTTTCAAAGCTGC 

29 K A T C E D M L C K M G F P E D V H S A V V S R S V H G G Q P L L N V R F Q S C 

239 GATGAAAACAGAAAAATATACTTTGGAAGCAGTGAGCCAGAAGATTTTAGAGTAGGTGAAGATGGTGTGGTATATGCAGAGAGAAGCTTTCAACTTTCAGCAGAGCCCACGGAGTTTGTA 

69 D E N R K I Y F G S S E P E D F R V G E D G V V Y A E R S F Q L S A E P T E F V 

359 GTGTCTGCTCGAGACAAGGAAACTCAGGAAGAATGGCAAATGAAGGTGAAGCTAACCCCTGAACCAGCATTCACAGGGGCCTCAGAAAAGGACCAAAAGAAAATTGAAGACATCATATTT 

109 V S A R D K E T Q E E W Q M K V K L T P E P A F T G A S E K D Q K K I E D I I F 

479 CCATGGCAAC AATATAAGGACAGCAGCCATCTGAAGAGACAGAAGAGAGACTGGGTTATCCC TCCAATCAACCTACCAGAAAATTCCAGAGGACCTTTTCCTCAAG AATTAGTTAGGATT 

149 P W Q Q Y K D S S H L K R Q K R D W V I P P I N L P E N S R G P F P Q E L V R I 
o o e o o o o o o o o o o o o o o o o o o o o o o o  

599 ~ G  TC TG ATC G'I~AT~AAGCCT~C~CGCTAC C-~ TAC AGTGTGAC~'~;GCC CAGG AGC"~; AC C ~.CC TC C~CAGG .,~,T C ~'~C ATC ATC.~C C CC AT CTC AGG AC AGC rI~TC TG'I~ AC ~ ' ~ G  
189 R S D R D K S L S L R Y S V T G P G A D Q P P T G I F I I N P I S G Q L S V T K 

719 CCTTTAGATCGGGAGCAGATTGcTTCTTTTCATCTGAGAGCACATGCAGTGGATGTAAATGGAAACCAGGTGGAAAATCCTATTGATATTGTGATTAACGTCATTGATATGAATGATAAC 

229 P L D R E Q I A S F 8 L R A H A V D V N G N Q v E N P I D I V I N V I D M N D N 

839 AGACCTGAATTCTTGCATCAGGTTTGGAATGGGACAGTTCCTGAAGGATCAAAGCCAGGAACCTATGTAATGACTG TTACTGCCATCGATG CTGATGATCCCAATGCACAGAATGGG ATG 

269 R P E F L H Q V W N G T V P E G S K P G T Y V M T V T A I D A D D P N A Q N G M 

A 
959 CTGAGATACAGAATCTTGTC ACAGGCACCAAGCAGTCCCTCTCCCAACATGTTTACAATCAACAATGAGACTGGTG ACATTATTACCGTAGCAGCTGGGCTCGACAGAGAGAAAGTACAA 

309 L R Y R I L S Q A P S S P S P N M F T I N N E T G D I I T V A A G L D R E K V Q 

A 
1079 CAGTATACATTAATAATTCAAGCTACGGACATGGAAGGAAACCCAACATATGGTCTTTCAAACACAGCAACTGCTGTC ATCACTGTGACAGATGTCAATGACAATCCTCCAGAGTTCACT 

349 Q Y T L I I Q A T D M E G N P T Y G L S N T A T A V I T V T D V N D N P P E F T 

A 
1199 GcTATGACTTTCTAcGGTGAAGTACCAGAAAACAGAGTGGATGTCATAGTGGCTAAC•TAACAGTAACAGATAAAGATCAGCCACACACGCCTGCGTGGAATGCGAGGTACCAAATGACA 

389 A M T F Y G E V P E N R V D V I V A N L T V T D K D Q P H T P A W N A R Y Q M T 

A 
1319 GGGGGAGACCcGACAGGCCAGTTTAcTATCCTGACCGATCCAAATAGCAATGATGGGTTGGTAACTGTTGTCAAGCCCAT~ACTTTGAGAC~AACAGGATGTTTGTACTTACTGTAGCT 
429 G G D P T G Q F T I L T D P N S N D G L V T V V K P I D F E T N R M F V L T V A 

1439 GCAGAAAATCAAGTGCCTTTGGCTAAGGGGATTCAGCATCCTCCTCAGTCAAC AGCAACCGTGTCCATTAC AGTCATTGATGTG AATGAGAGTCC ATATTTTGTTCCAAACCCCAAGCTT 

469 A E N Q V p L A K G I Q H P P Q S T A T V S I T V I D V N E S P Y F V P N P K L 

i 
1559 GTA~GTCAAGAAGAAGGGCTACTTGCTGGTAGCATGTTGACAACTTTCACTC~TCGGGACC~AGATCGTTACATGCAGCAAACCTCT~TAAGGTACTCAAAACTTT~GGACC~TC~AAAC 
509 V R Q E E G L L A G S M L T T F T A R D P D R Y M Q Q T S L R Y S K L S D P A N 

1679 TGGCTAAAAATTGACCCTGTTAATGGACAAATAACAACCACAGCTGTTTTGGACAGAGAATCGATATATGTGCAAAACAATATGTATAATGCAACTTTTcTTGCCTCTGATAATGGAATT 

549 W L K I D P V N G Q I T T T A V L D R E S I Y V Q N N M Y N A T F L A S D N G I 

A 
1799 CCTCCAATGAGTGGAACTGGTACACTTCAGATATACTTGCTGG ACATCAATGATAATG CTCCCCAAG TGAACCCAAAAGAAGCCACC ACCTGTG AAACACTG CAGCCTAATGCTATTAAC 

589 P P M S G T G T L Q I Y L L D I N D N A P Q V N P K E A T T C E T L Q P N A I N 

A 
1919 ATCAcTGCTGTAGACCCTGACATTGATcCAAATGCAGGCC•ATTTGCCTTTGAGCTGCCTGATTCACCTCCTAGTATTAAGAGGAATTGGACCATTGTTCGAATTAGTGGTGATCATGCC 
629 I T A V D P D I D P N A G P F A F E L P D S P P S I K R N W T I V R I S G D H A 

A 
2039 CAGCTCTcTTTAAGGATCAGGTTcCTGGAGGCTGGTATCTATGATGTGCCCATAGTAATTACAGATTCTGGAAATccACATGCATCTAGCACTTCTGTGCTAAAAGTGAAAGTTTGCCAA 
669 Q L S L R I R F L E A G I Y D V P I V I T D S G N P H A S S T S V L K V K V C Q 

2159 TGTGAcATAAATGGGGACTGTACTGATGTTGACCGGATTGTTGGCGCAGGACTGGGCACTGGTGCCATCATTGCAATTCTGCTTTGTATCATCATCTTACTC ATTTTAGTTTTGATGTTC 

709 C D I N G D C T D V D R I V G A G L G T G A I I A I L L C I I I L L I L V L M F 

2279 GTAGTATGGATGAAGCGCCG TGATAAGGAGCGTCAGGCCAAGCAGCTCTTAATTGATCCAGAAG ATGATGTG AGGGACAACATTCTGAAATATGATGAAGAAGGTGGTGGAGAAGAAGAT 

749 V V W M K R R D K E R Q A K Q L L I D P E D D V R D N I L K Y D E E G G G E E D 

2399 CAGGATTATGACTTGAGCCAGCTCCAGCAGCCTGAC ACTGTAGAACC AGACGCCATC AAACCTGTTGGAATC AGACGTCTTGATGAAAGGCCAATCCATGCAGAACCTC AGTATCC AGTC 

789 Q D Y D L S Q L Q Q P D T V E P D A I K P V G I R R L D E R P I H A E P Q Y P V 

2519 AGATCAGCTGCTC~TCATCCTGGGGACATTGGGGACTTCATTAATGAGGGACTTAAAGCAGCC~ACAACGACCCTACAGCCCCGCCATACGATTCCCTCTTAGTCTTTGACTATGAAGGA 

829 R S A A P H P G D I G D F I N E G L K A A D N D P T A P P Y D S L L V F D Y E G 

2639 AGCGGCTCCACTGCTGGATCCTTGAGcTCTCTTAATTCCTCAAGTAGCGGTGGTGAGCAAGACTATGACTACCTAAATGACTGGGGCCCACGTTTCAAGAAACTTGCTGACATGTACGGT 

869 S G S T A G S L S S L N S S S S G G E Q D Y D Y L N D W G P R F K K L A D M Y G 

2759 GGAGGTGATGACTGAACTTCAAAGTGAACTTTGTTTCTGGACAAGTACAAACATTTCAACTGATATTCcCCAAAAGCATACAGAAGCTAGGCTTTAACTT~TAG TCTACTAGCACAAGT 

909 G G D D W 

2879 GC~GCTGAAGGCTT~GCATAGGCTGCAAACCAA~f~2GGGCTCCGTGGAATATC AGTGATCCAATGCTGT~GGAAAAAAATATTGAGCTCAGq~TACACTTGAAq"PTT AC AGTACAG~ 

2999 GCACTGGGATTTTATGTGCCTTTTTGTACcTTTTTCAGATCGGAATTAGTTTTATGTTTAAGGCTTTAATGGTACTGATTTATGAAATGATGCATTAAAGAGACAAGATATGTTGGGGTG 

1N2 
3119 GGGAGGAGTAAGGTGAATCACAATGCG~TT~AATATGCTTTTGTTACA~CGCATTGCTTTTATTAAAATAAGGAGAC~GAAAATTAAAAA~ 

Figure 3. Nucleotide and deduced amino acid sequence of chicken N-cadherin. The amino acid sequence determined by the direct sequenc- 
ing of a purified tryptic fragment of N-cadherin (19) is shown with a broken line. The putative signal peptide and the putative membrane 
spanning region are shown with thick underlines. The potential N-linked glycosylation sites are indicated by arrowheads. The putative 
poly(A) addition signal is shown with a thin underline, and extension of LN2 insert is indicated by arrows. 
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Interestingly, the morphology of L cell colonies was sig- 
nificantly altered by the expression of N-cadherin. In mono- 
layer cultures, L ceils barely form compact colonies and tend 
to migrate freely. However, the transformants expressing 
N-cadherin form clusters in which cells appeared to be 
tightly connected to each other. When these cell clusters 
were stained for N-cadherin, the antigens were concentrated 
at the boundary between cells, suggesting that they are di- 
rectly involved in cell-cell connections (Fig. 5 c). 

To examine whether the transformants have the functional 
N-cadherin, we performed a cell aggregation assay. L cells 
show a weak Ca2+-dependent aggregating activity when dis- 
sociated with 0.01% trypsin in the presence of 10 mM Ca 2§ 
and allowed to reaggregate (20). This activity, however, can 
be completely eliminated by treating the cells with the same 
concentration of trypsin in the presence of 1 mM Ca 2§ (TIC 
treatment). NL1 and NL2, dissociated by TIC treatment, 
showed strong aggregation in a Ca2§ manner, 
and this activity was completely suppressed when the NCD- 
2 antibody specific to N-cadherin was added (Table I). These 
results indicate that N-cadherin derived from the cDNA pos- 
sesses the cell-cell binding property by itself. 

Comparisons with Other Cadherins 

We compared the amino acid sequence of N-cadherin with 
that of L-CAM (5), which is believed to be the chicken 
homologue of mouse E-cadherin, and with that of mouse 
E- and P-cadherin which was recently determined (15, 17). 
The results showed that there is a high degree of similar- 
ity in their primary structures throughout the entire length 
(Fig. 6). 

Average similarity in amino acid sequences between the 
mature N-cadherin and L-CAM, both derived from the chicken 
but from different tissues, is 50 %. This value is much small- 
er than the similarity between the mature E-cadherin and 
L-CAM (65 %), the interspecies homologues. In other com- 
binations, similarity between N-cadherin and E-cadherin, 
N-eadherin and P-cadherin, E-cadherin and P-cadherin, and 
L-CAM and P-cadherin is 49, 45, 58, and 57%, respectively. 
According to these results, N-cadherin has the most unique 
sequence among the four cadherins. N-cadherin is also dis- 
tinguished from the others by insertions of amino acids at 
several points. 

Figs. 6 and 7 compare the four cadherins. The putative ex- 
tracellular domain of the mature proteins was divided into 
five segments having an about equal size. Among these seg- 
ments, designated as EC1 to EC5, EC1 is most conserved, 
and EC5 is least conserved. EC5 is, however, characterized 

Table L CaZ+-dependent Aggregation of Transformed and 
Untransformed L Cells 

Aggregation index (N2o/No) 

Cells - C a  2~ + C a  2§ + C a  2+ + N C D - 2  

L 1 .0  l .O 1 .0  ( - ) *  

N L 1  1.0  0 . 0 8  1 .0  (100)* 

N L 2  1.0  0 . 1 9  0 . 9 2  (90)* 

Percent inhibition was calculated as described (22). 
* Percent inhibition. 
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Figure 5. Expression of chicken N-cadherin in mouse L cells. (a) Construction of pST-Ncad used for transfection. (b) Western blot analysis 
of N-cadherin in untransformed L cells (lane 1 ), transformant NLI cells (lane 2), transformant NL2 cells (lane 3), heart of a newly hatched 
chick (lane 4), and brain of a 5.5-d-old chicken embryo (lane 5). The Western blot analysis was performed as described previously (6). 
(c) Immunofluorescent detection of N-cadherin in untransformed L cells (left) and in NL1 cells (righO. The monoclonal antibody NCD-2 
and the rhodamine-conjugated anti-rat IgG were used for this analysis as described previously (9). Bar, t0 ~tm. 

Figure 6. Comparison of the predicted amino acid sequences of chicken N-cadherin (N), chicken L-CAM (L), mouse E-cadherin (E), 
and mouse P-cadherin (P). The entire amino acid sequence for each molecule was divided into the putative signal peptide (SIG), precursor 
region (PRE), extracellular region (EC), transmembrane region (TM), and cytoplasmic region (CP); the putative extracellular region was 
subdivided into five segments (EC1 to EC5). The sequences of the four molecules were then aligned to maximize the match; the five seg- 
ments of the extracellular region were aligned in accordance with the internal repeats as shown in Fig. 4. Amino acid residues conserved 
among the four cadherin subclasses are shown in darkly shaded boxes, and those conserved among the three or two subclasses are shown 
in lightly shaded boxes. Cysteine residues conserved among all the subclasses are shown in dark boxes. Homologous repeats conserved 
among all the subclasses are marked with single or double dots; the double dots represent repeats between the adjacent segments and the 
single dot represents repeats between nonadjacent segments. Data for L-CAM, E-cadherin, and P-cadherin were taken from Gallin et al. 
(5), Nagafuchi et al. (15), and Nose et al. (17), respectively. 
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Figure 7. Similarities in amino acid sequences 
among four cadherin subclasses in different regions 
of the peptides. Sequences from these molecules 
are divided into nine regions as defined in Fig. 6. 
Percent similarity was calculated for each region 
for each pair of cadherin subclasses. A schematic 
representation of the overall structure of the four 
cadherin subclasses is also shown. The major in- 
ternal repeats detected by the computer search 
using the IDEAS program (11) are shown with ar- 
rows. Potential N-linked glycosylation sites are 
shown with arrowheads. L, L-CAM; E, E-cad- 
herin; P, P-cadherin; N, N-cadherin. Data for 
L-CAM, E-cadherin, and P-cadherin were taken 
from the same papers cited in the legend to Fig. 6. 

by conservation of four cysteines in all four cadherins. The 
internally repeated sequences containing negatively charged 
amino acids, such as D-X-D, L-D-R-E, and D-X-N-D/E, are 
also conserved (Fig. 6). 

The most conserved regions for all four cadherins are in 
the cytoplasmic domain (Figs. 6 and 7). N-cadherin, how- 
ever, again had unique sequences when compared with the 
other cadherins. The precursor sequences preceding the 
putative NH2 terminus were rather unique for each cadherin 
subclass, although some similarity was found, particularly 
in the flanking region of the putative NH2 terminus. 

Discussion 

The finding that the amino acid sequences, as well as the to- 
pologies, are similar between N-cadherin and three other 
molecules, L-CAM, E-cadherin, and P-cadherin, confirms 
our hypothesis that these molecules belong to the same gene 
family. This family seems to be an entirely new gene family, 
since no similar sequences in other proteins were found in 
databases. 

Comparisons of sequences among cadherin subclasses 
allow us to assess the functional significance of different 
regions of each peptide. Similarities in sequence among the 
subclasses might reflect their common properties, whereas 
differences may reflect their specificities. 

The most conserved property of cadherins is that of Ca 2§ 
binding. We could not detect the known consensus sequence 
for the Ca2§ site, called the E-F hand, in cadherin 
sequences. However, characteristic sequences with nega- 
tively charged amino acids were conserved in the form of in- 
ternal repeats. These sequences may be candidates for the 
Ca2+-binding sites. The conservation of cysteine residues in 
the proximal region of the extracellular domain must also 
play an important role for maintaining the general structure 
of cadherins. 

The highest similarity among the four cadherins was found 
in the putative cytoplasmic domain, suggesting that this re- 
gion is important in cadherin function. Our recent studies 
suggested that cadherins are associated with cytoskeletal 
components (9). Therefore, the highly conserved cytoplas- 
mic sequences may play a role in the interaction with such 
cytoplasmic elements. 
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It is difficult to determine the sequences responsible for 
cell-cell binding specificities of cadherin subclasses only by 
comparing their sequences. The following, however, is an 
important point: The monoclonal antibody NCD-2 recog- 
nized a fusion protein translated from the cDNA probe (~N1) 
encoding the putative NH2-terminal region. It is known that 
this antibody specifically blocks the N-cadherin-mediated 
cell adhesion. The NH2-terminal region, therefore, might 
contain sequences responsible for the N-cadherin-specific 
cell-cell binding sites. The same was observed with a mono- 
clonal antibody PCD-I specifically blocking the P-cadherin- 
mediated adhesion; this antibody recognized the region 
around the NH2 terminus (16). On the other hand, the 
NH2-terminal region shows the highest sequence similarity 
among cadherin subclasses, suggesting that this region is im- 
portant for the general function of cadherins. This apparent 
contradiction suggests that the sequences responsible for the 
common function and the subclass specificities may not be 
clearly segregated from each other. 

It should be interesting to compare the sequences of cad- 
herins with respect to the subclass specificities versus the an- 
imal species specificity. Similarity between N-cadherin and 
L-CAM, both derived from the chicken, is 50% and that be- 
tween E- and P-cadherin, both derived from mouse, 58%. 
Although L-CAM is thought to be the chicken homologue of 
E-cadherin, similarity between these molecules is only 65 %. 
This unexpectedly low similarity between L-CAM and E-cad- 
herin suggests that, although these molecules might have 
originally been more closely related to each other than to 
other cadherin subclasses, they have diverged to a large ex- 
tent in different species. This divergence might have pro- 
duced species specificity of cadherin molecules; there were 
observations that mouse cells segregate from chicken cells 
derived from homologous tissues when mixed artificially 
(1, 2). 

The present success in the ectopic expression of N-cad- 
herin cDNA provides a powerful experimental system to in- 
vestigate the molecular mechanism of cadherin-mediated 
cell adhesion. We have also recently succeeded in expressing 
E-cadherin cDNA in L cells (15). Using these systems, it is 
now possible to analyze the relationships between the struc- 
ture and function of cadherins by genetically dissecting these 
molecules. These approaches should also be very useful for 
investigating the molecular basis of specificity of the cadhe- 
rin subclasses in future studies. 
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